This study established a mathematical model of fluid flow phenomena for the liquid bath in smelting reduction processes by the CFD (Computational Fluid Dynamic) software PHOENICS. The SEM (Scalar Equation Method) model was employed to treat the multi-phase flow, viz. liquid metal and injection gas. The Chen-Kim k-e turbulent model which is suitable for gas-stirred system was imposed. An index named Mixtrg was defined to evaluate the mixing level of the injection gas to the liquid bath. The accuracy of the model was verified by comparing the theoretically predicted vertical velocity with the experimental data for the bubble-stirred air-water ladle.
Introduction
In the late 1 950s and early 1 960s, the concept of producing liquid iron or semi-steel directly from ore fines and inexpensive fuel was the subject of considerable pilot plant development activity. Among these projects, the direct smelting process, which was the reduction and melting of iron-bearing materials by carbon and other hydrocarbons in the vessel containing a molten bath, is the most popular one. A number of direct smelting processes have been developed around the world, e.g. COREX, TECNORED, DIOS, HIsmelt, AISI, ROMELT and AUSMELT/AUS-IRON. For the sake of the environmental protection, the direct smelting processes will be world wide used in the future development of iron-making industry. How to improve the smelting reduction efficiency is very critical in the process development. However, the mixing behavior of reduction vessel is not easily observed in a physical model, especially at high temperature. This study was aimed to developing a mathematical simulation skill for modeling a vessel which outer shape is similar to DIOS one.
The behaviors of the liquid bath inside the vessel such as bubbling, jetting and turbulence apply the influence on the flow patterns and temperature distribution. The physics in the bath is a multi-phase flow phenomenon. The researches of the gas stirred in the smelting reduction processes were rather fewer than in the ladle. HIsmelt has developed their Computational Fluid Dynamics (CFD) based models to simulate the post combustion behavior of the freeboard and the gas stirred behavior of the bath. 2, 3) It is found that the models had played a key role in the development, analysis and control of the HIsmelt process.
Hydrodynamic modeling of gas stirred ladle systems has been essentially carried out using three separate approaches, 4) namely, (I) the quasi single phase or single phase variable density formulation procedures, (ii) the LagrangianEulerian two phase approach and (iii) the Eulerian two phase model.
Of these, in terms of computational complexities, the quasi single-phase procedure is by far the simplest. An early success in computing these flows was that of Sahai and Guthrie. 5) Here the quasi single-phase approach was used whereby the plume region was treated in the same way as the surrounding gas free annulus, except that it was assigned a reduced density dependent on the gas velocity and plume geometry. The plume geometry was determined in the water model and input into the calculations of Sahai and Guthrie. 5) More detailed and more predictive treatments of the plume region have been carried out in recent years. Some of these have avoided the simplistic treatment entailed in single-phase models. Zhu and coworkers 6) had carried out three-dimensional calculations using the quasi single-phase approach. In contrast, the Eulerian two-phase model entailed major computational efforts and complex. Thus almost the two phase simulation of gas stirred ladle systems embodying the Eulerian approach have been car-ried out using the commercial PHOENICS computer code. Coupling the hydrodynamic models with appropriate statements of mass and energy conservation, numerical computations of thermal and material mixing were also performed. Furthermore, in some of the computational studies, different versions of turbulence viscosity were applied. As seen, the liquid phase continuity and momentum conservations, together with the k-e model and the system of associated boundary conditions represented a common core. The problem involves body force terms induced by gas injection (as well as phase volume fractions for the two phase formulations) and therefore, further inputs were needed for closure. To this end, in the two fluid model, a set of additional partial differential equations governing the conservation of mass and momentum of the gas phase were coupled to the core model. Jonsson 7) have employed the Eulerian two phase model to treat flow in gas stirred ladles. Furthermore they modeled the flow in the slag phase above the steel melt. The equations were solved using the well known software Phoenics.
While in the Lagrangian two phase approach, an ordinary differential equation describing the trajectory of single rising gas bubbles was applied. In contrast to these, a set of auxilliary relationships (in the form of algebraic equations) together with the dimensions of the two phase plume had been applied in the quasi single-phase calculation procedure. Consequently, the distribution of gas voidages, plume shapes, etc., which were integral parts of the solution of the two phase calculation procedures were specified, a priori, in the single phase model. An example of a recent application of the two phase Lagrangian approach in gas stirred systems was the work of Sheng and Irons. 8) Mazumdar and Guthrie 9) had compared the results of the three approaches with experimental data. It showed that all three approaches agreed quite well with the experimental data.
The objective of the modeling was to address issues related to bath dynamics such as mixing, the effect of tuyere arrangement and the possibility of blowthrough. PHOEN-ICS was selected as the basis for the bath modeling because it was the only software available which provided both the two-phase facility and the capability to insert coding in the model.
Theoretical Descriptions of the Numerical Scheme

SEM (Scalar Equation Method
) 10, 11) is one of the techniques employed in Phoenics to handle the two-phase problem. It utilized a scalar function, h, to describe the mixing level inside a control volume and coupled the Van Leer convection method to solve it numerically.
Governing Differential Equations
Gas-stirred simulation was basically to employ numerical techniques for the solution of the differential equations which governed the fluid flow phenomena. Both gas phase and molten metal were considered as an incompressible fluid. Therefore, the differential equations which correspond to zero divergence and conservation of momentum in Cartesian coordinate system could be described as follows. where K : turbulent kinetic energy, e : dissipation rate, u t : molecular kinematic viscosity, C 1 , C 2 , s k , s e : turbulent constants. 10, 11) A scalar function, h, was employed to describe the mixing level inside a control volume. For example, hϭ1 denoted the control volume was full of hot metal, on the contrary, hϭ0 meaned the control volume was full of air. The remainder case, 0ϽhϽ1, denoted the mixture of two phase. The density and viscosity of the mixture could be calculated by the simple piece-wise linear function as follows. Where r m , r A , r B : the density of the mixture, air and hot where, u, v, w are the velocity components in x, y, z axis, respectively. 10, 11) Because h is a step function, it is well known that the numerical discretisation of Eq. (2-7) creates unphysical smearing of the discontinuity at the interface, known as the numerical diffusion. Several remedies exist to reduce this undesirable effect. In Phoenics, the Van Leer Scheme is adopted to treat this problem. The Van Leer Scheme could supply a minimal numerical diffusion to maintain the h value between [0, 1], The "fully implicit upwind" (PHOEN-ICS default) scheme considered the transport of h, across a cell face (e.g. the east face) according to the following formula: where h P and h E are the values of h at the grid nodes at the end of the time step. The relationship of grid nodes is illustrated as follows.
The GALA (Gas And Liguid Algorithm) Method
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The Van Leer Scheme
The van Leer approach is an explicit finite-difference scheme which modified the first order upwind formulation using the theory of characteristics: where h P and h E are the values of h at the end of the time step. The gradient d(h)/dx is based on values at the start of the time step, which implied that the scheme was explicit in nature. This gradient is specified such that the scheme reduces to the purely upwind form in the presence of local extreme. This Implicit Total Variation Diminishing (TVD) approach 13) offeres the advantages of a higher-order scheme while avoiding under-or overshoots.
Due to the explicit formulation, the Courant criterion poses a maximum limit on the time increment for the stability of the solution:
where this minimum is with respect to every cell in the grid, not just at the interface.
Definition of Mixing Level Index
A mixing level index, Mixtrg, was defined to evaluate the mixing degree inside the bath. If the value of scalar function h was unity for control volume fully occupied by liquid metal, its Mixtrg value was set as zero. While the value of h was zero for empty elements fully occupied by air, its Mixtrg value was also regarded as zero. If the value of h was 0.5 for partially full elements, its Mixtrg value was regarded as 100 %. While averaging over the cells of a computational mesh, the mixing degree of the bath was derived.
Test Results and Discussions
Validation of the Model
The accuracy of the model was verified by comparing the theoretically predicted vertical velocity with the experimental data of Johansen et al. 12) for the bubble-stirred air-water ladle. The ladle height (H) was 1.237 m and the ladle diameter (R) was 1.016 m. Air entered through a centrally-located 0.05 m diameter plug at a flow rate of Qϭ610 cm 3 /s, and left through the free surface. Figure 1 is the comparison of theoretically predicted and experimentally measured vertical velocity at z/Hϭ0.505. When the predicted and examined results were compared, they showed satisfactory consistency.
In the numerical simulations of this study, the parameters provided to the calculation are listed in Table 1 . The geometry of the physical model is shown in Fig. 2 . The domain was divided into a mesh system of 36ϫ36ϫ32 (41 472 The standard operational conditions for the simulation of this study were: (1) gas-flow rate was 100 NM 3 /h, (2) the four tuyeres were located at 20 cm from center of bottom, (3) the injected angle was targeted at the central point of the bath surface, (4) the height of liquid bath was 125 cm. Based on this standard operational condition, the influence of each individual operational variable was studied for the flow patterns of liquid bath. These calculated results of transient state are helpful for understanding about distribution of injection gas, flow patterns of liquid bath, the bath slopping and wave motion near liquid bath surface and the erosion conditions near the wall of furnace. At the beginning, the injection gas formed the bubble due to the pressure of liquid bath. Then, it caused the liquid to be ejected into top space. However the up-forward kinetic energy transferred to the horizontal one and made the dash of the wall. Then it caused the motionless liquid bath to recirculation and mixing between gas and liquid. Eventually the whole system achieved the steady state. The full agitation and mixing could improve the reaction rate. Figure 3 illustrates the simulated results of various gasflow rates. In these modeling predictions, the higher gasflow rate caused the liquid to be ejected into top space and worse mixing effect of bottom bath. This phenomenon was similar to characteristics of HIsmelt process. 2, 3) It was beneficial for the higher gas-flow rate to create the avenue of heat and mass transfer between the bath and the top space in HIsmelt process. In contrast, the lower gas-flow rate resultd in moderate and enough agitation of the liquid bath, but worse liquid ejection at the top space. This was quite similar to the characteristics of DIOS process. [1] [2] [3] It created the moderate agitation of the bath by mild gas ejection. On the other hand, the middle gas-flow rate caused worse bath stirring effect and severe dash to the wall. Moreover, the higher the gas-flow rate, the severer dash. It was believed that severer dash to the wall could results in the more serious erosion of the refractories. The qualitative comparisons of the above-mentioned are shown in Fig. 4. 
The Analyses of Various Gas-flow Rates
The Analyses of Various Tuyere Arrangements
Tuyere arrangements are examined at 10, 20 and 30 cm from center, respectively. Other operational conditions were fixed at standard operational conditions as above description. Figure 5 is the modeling predictions of the flow pattern. Figure 6 shows the calculated results of mixing level index. From this result, the predicted mixing degree of tuyere arrangement at 30 cm from center was less than the case of tuyere arrangement at 10 cm from center. Figure 7 is the illustration of qualitative comparison for calculated results of various tuyere arrangements. Among these results, the modeling tuyere at 10 cm from center showed the four ejected plumes merged into one, and its calculated mixing level index was highest. For the case of 20 cm from center showed four ejected plumes spread out and left a stagnant area due to the high pressure between them. For the prediction of 30 cm from center showed the four ejected plumes spread out toward wall and center of the vessel. This was beneficial to reduce the stagnation around central region. But its predicted mixing degree was less than the case of tuyere arrangement at 10 cm from center.
The Analyses of Various Ejection Angles
The different ejection angles of gas for simulation included: vertically ejected, ejected toward the central bath surface and ejected toward the half point of central bath height respectively. The other operational conditions were the same as standard one as above. Figure 8 is the simulated results of flow patterns. Figure 9 shows the calculated results of mixing level index. These results indicated the ejection angle had no obvious influence on the flow patterns. The four ejective plumes spread out and left a stagnant area due to the high pressure between them. Figure 10 is the illustration of qualitative comparison for calculated results of various ejection angles.
The Analyses of Various Bath Heights
The different bath heights of 125 and 85 cm were simulated. The other operational conditions were the same as standard one as above. Figure 11 is the simulated results of flow patterns. These results indicated the lower bath heights resulted in the serious erosion at wall and severe fluctuation of bath surface. Figure 12 is the illustration of qualitative comparison for calculated results of various bath heights.
Conclusion
Based on the standard operational conditions, the influence of various operational variable on flow patterns of liquid bath was studied. The conclusion can be drawn as follows.
(1) The effect of gas-flow rates: In this modeling prediction, the higher gas-flow rate caused the liquid to be ejected into top space and worse mixing effect of bottom bath. The lower gas-flow rate resulted in moderate and enough agitation of the liquid bath. The medium gas-flow rate caused worse bath stirring effect and severe dash to the wall.
(2) The effect of tuyere arrangement: The modeling of tuyere at 10 cm from center showed the four ejected plumes © 2003 ISIJ couple into one, and its calculated mixing level index was highest. For the case of 20 cm from center showed four ejected plumes spread out and left a stagnant area due to the high pressure between them. For the prediction of 30 cm from center showed the four ejected plumes spread out toward wall and center of the vessel. This was beneficial to reduce the stagnation around central region.
(3) The various ejection angles had no obvious influence on the flow patterns. The four ejected plumes spread out and left a stagnant area due to the high pressure between them.
(4) The lower bath heights resulted in the serious erosion at wall and severe fluctuation of bath surface. 
